An attempt has been made to describe recent views on segregated layers and native oxide layers formed on the surface of high-purity iron based alloys by applying angle-resolved x-ray photoelectron spectroscopy (AR-XPS). It is worth mentioning that AR-XPS is suitable for characterizing thin surface layers non-destructively, since their thickness is nanometer order of magnitude, being comparable to inelastic mean free paths of X-ray photoelectrons. This overview focuses the results on surface segregated layers of alloying and impurity elements such as chromium, phosphorus and sulfur in those alloys. It is also indicated that the amount of surface segregated chromium considerably affects formation of a native oxide layer in iron base alloys.
INTRODUCTION
Characterization of very thin layers at the surface and interface in iron and steel is known to play an important role in controlling their processes and improving their properties. Then, microscopic characterization becomes indispensable for developing high-quality iron base alloys, although they are considered typical conventional materials.
There are two important surface phenomena occurring in surface layers of atomic scale thickness on metallic materials. One is surface segregation of a constituent element, which is enrichment of an alloying or impurity element to the specimen surface induced by heating under vacuum. Typically, surface segregation were investigated for iron -non-metallic element systems ( for example, Fe-C /1-3/, Fe-Ν ß,Al, Fe-Si /5-9/, Fe-P /10/, Fe-Sn /11-15/, Fe-Sb /16-18/) and ironmetallic element systems ( for example, Fe-Ti /19/, Fe-Cr /19-29/, Fe-Mo /19/). In these experiments, some interesting results were obtained by finding systematic compositional change on the specimen surface. However, the amount of surface segregation for an element seemed to be often affected by other coexisting impurities, since the amount and state of impurities in iron or steel specimens used were not enough controlled Therefore, in order to understand intrinsic surface behaviors of each element, investigations are strongly required with respect to surface segregation in well-controlled specimens.
Another important phenomenon occurring on the specimen surface is formation of a native oxide, which takes place when the specimen surface is exposed to air or a low partial pressure of oxygen at about room temperature. Thickness of native oxide layers in iron and steel is also nanometer order of magnitude /30-37/, and they are considered to affect their weathering, corrosion and so oa Nevertheless, thickness values of native oxide layers and the influence of the surface composition on the oxide layers have not yet been systematically characterized.
Surface-analytical methods such as Auger electron spectroscopy (AES), X-ray photoelectron spectroscopy ( XPS ) have often been applied to characterization of the surface layers of iron base alloys. Furthermore, XPS and AES depth profiling, which is combination XPS and AES measurements and ion sputtering, are often performed for obtaining information of the surface layers. However, clear depth profiles are hardly determined by these XPS or AES depth profiling, as exemplified in Fig.1 , where an XPS depth profile is illustrated using the results of Fe-25%Cr alloy exposed to air after chromium segregation In this paper, unit of the bulk concentration is expressed as %, that is mass%, and the surface concentration is at% or atomic fraction. Although slight enrichment of chromium on the specimen surface is observed in the depth profile of Fe-25%Cr alloy, it may not always give the real surface structure. This is based on reason that thickness of such surface layer is comparable to the escape depth of photoelectrons, which means that XPS spectra contain signals from not only the surface but also the substrate. It should also be noted that atomic mixing of constituent elements may be accompanied with ion sputtering on the specimen surface. Contrary to depth profiling with ion sputtering, angle resolved XPS ( AR-XPS ) appears to be effective for characterizing very thin layers formed on the specimen surface /38/. AR-XPS, in which photoelectrons are measured by changing the take-off angle against the specimen surface, has sometimes been applied for characterization of surface layers /36,37/, and their advantages clearly encourage further application to surface analysis of materials.
With this background in mind, AR-XPS studies were systematically made for characterizing the surface segregated layers and native oxide layers formed on the surface of high-purity base iron alloys /39-45Λ Surface behaviors of high-purity iron and its base alloys are also subject for their excellent surface properties /46,47/. This overview covers the recent AR-XPS experimental results surface segregation of several alloying and impurity elements, such as chromium, phosphorus and sulfur on the iron surface of high-purity base and the effect of the surface segregation, particularly chromium, on the native oxide layer formed on the surface of these alloys.
2.EXPERIMENTAL

2.1.Specimens
Plates of high-purity iron base alloys, which were produced by special methods /44-47/, were prepared. They were annealed at high temperatures and polished with emery papers and buffing using alumina powder. They were finally washed with acetone before being introduced into an ultra vacuum chamber attached to a XPS spectrometer. The specimens were polyciystalline, and the grain size was between 30 and 100 micronmeter.
The specimens were cleaned by argon ion sputtering operated at 3 kV in an XPS spectrometer under ultra high vacuum, in order to obtain a contamination-free surface. The surface with segregation of alloying or impurity elements was mainly obtained by in-situ heating at 973 Κ for 300 s under ultra high vacuum (10" 8 Pa) after argon sputtering. The amount of a surface segregated element, which is in equilibrium with the bulk amount, depends on heating temperature, and it provides free energy for surface segregation /48/. However, since it takes a prolonged time to reach equilibrium at lower temperatures, a temperature at about 1000K was chosen for equilibrium segregation in this work. Native oxide layers on the specimen surface were typically formed by exposing the specimens to air at 298 K, since native oxide thickness for iron is known to be almost independent of the exposure time.
Measurements
Measurements of XPS were given in detail in previous works /39-45A Only some essential points are given below. An XPS apparatus with a computer aided tilting stage was used, and the incident X-ray was monochromated ΑΙ Κα radiation. The take-off angle, corresponding to the angle between the direction of an analyzer and the specimen plane, was changed from 15 degrees to 75 degrees in the AR-XPS measurements.
As a typical example, Figure 2 shows the Take-off angle, θ ( deg ) concentration of iron and chromium for the sputter cleaned surfaces of Fe -13% Cr and Fe -25% Cr measured as a function of the take-off angle /41/. These results are simply calculated using the sensitivity factors /49/ and the background subtraction 1501. Nevertheless, the concentration of both iron and chromium is clearly found to be independent of the take-oflf angle, suggesting that the surface composition is quite likely to be the same as that of bulk in the sputtered state. Contrary to this conclusion, it should be kept in mind that measured concentration values by XPS frequently show the take-off angle dependence by inducing surface segregation Such information will be given later.
MODEL FOR DESCRIBING LAYERED STRUCTURE
In order to estimate quantitatively the effective thickness and concentration of surface layers of specimens, the concentration corresponding to a relative XPS signal for constituent elements is discussed here, by coupling with a model as illustrated in Fig. 3 (a) and (b) /41/. Although a simple concentration step is assumed in this model, the effective thickness is an indication to express the surface segregated and oxidized layers. The thickness of a single layer with the segregation of an alloying element, to, is given in Fig.3(a) , and three layers of a contaminated overlayer (thickness, ti), an alloying element segregated and oxidized layer of (thickness, t 2 ), and an oxidized layer without segregation (thickness, t 3 ), are expressed by a model in Fig.3(b) . Under a few assumptions such as the absence of elastic scattering and diffraction of photoelectrons, which may be reasonable for polycrystalline specimens, in this three layered structure, the relative intensity, Ιχον(1), of specific photoelectrons for element X in the overlayer due to contamination against its bulk 741/ is given by; where Cxov and λχο ν are the atomic fraction of element X and the inelastic mean free path of the photoelectron for element X in the overlayer, respectively, θ is the take-off angle. For the second oxide layer which was taken as an alloying elements segregated and oxidized layer, similar expression can readily be obtained, by taking into account the intensity attenuation of photoelectrons due to the overlayer. The relative intensity, Ιχο Χ , for element X ejected from the second layer, may be expressed by;
where C Xox (2) is the concentration of element X in the oxide layer, λχ,^ andX. Xov are the inelastic mean free paths of the photoelectron for element X in the overlayer and in the oxide layer, respectively. For the third layer without the alloying element segregation, its intensity, I Xox (3), can be expressed in a similar way.
In describing the intensities of photoelectrons emitted from the matrix, the influence of the above three layers should be considered. The intensities of photoelectrons for element X emitted from the matrix may, Ixm, be given by the following form:
where Cxm is the concentration of element X in the matrix. Although these equations have been applied to characterize a chemically different layer on a substrate /36-38/, it is not unrealistic to extend this idea to intensities of photoelectrons for all kinds of elements. The concentration of element X C x , at the take-off angle can be estimated from measured AR-XPS intensity data when coupled with equations (1) to (3), as follows:
where I T = Σ Ij. By fitting equation (4) to the relationship between the concentration and take-off angle for each element, the effective thickness of the overlayer and oxide layer can be estimated when the values of the inelastic mean free paths are given /51,52/.
SURFACE SEGREGATION
4.1. Segregation of metallic elements AR-XPS results on surface segregation of metallic elements such as chromium, nickel, copper, molybdenum, which are important alloying elements in steel, are summarized below. The effective thickness and concentration of surface segregated layers are compared between the alloying elements.
By heating the Fe-Cr specimens at high temperatures under ultra high vacuum, the relative intensity of Cr 2p XPS spectra is increased, while the shape of Fe 2p and Cr 2p XPS spectra shape is unchanged. Take-off angle, θ ( deg ) concentration of iron and chromium in Fe -13%Cr and Fe -25%Cr heated at 973 Κ /41Λ The concentration was estimated from measured AR-XPS intensity data coupled with the sensitivity of factors of each element, and the experimental results are denoted by marks. The monotonic decrease in the concentration of chromium with increasing take-off angle is found, indicating that chromium is concentrated into the surface region by
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heating. Based on the model of the surface segregation as shown in Fig.3(a) , the calculated concentrations for chromium and iron are plotted as lines as shown in Fig.4(a) and (b) . This good fit enables us to provide the effective thickness and the concentration of the segregated layer, as listed in Table 1 , together with other results. It could be suggested that the effective thickness Table 1 Thickness of segregated layer, to, the concentration of an alloying element Μ in the layer, CM, formed on the Fe-M alloy surface ( see Fig.3 ).
Specimen (mass%) to(nm) C x (at%) On the other hand, copper has been found to be considerably segregated to the iron surface in spite of the low bulk concentration /43/. Figure 5 shows the concentration of iron and copper in specimens heated at 873 Κ and 1073 Κ as a function of the take-off angle /43/. This take-off angle dependence of the copper concentration is stronger than that for the Fe-Cr system, suggesting that copper is concentrated into a thin surface region. The surface concentration decreases with increasing the heating temperature, although the results at 873 Κ may include an influence of copper precipitation Based on the above model for describing Table 1 . These results clearly suggest that the surface segregation of copper occurs within a region of nearly single atomic layer on the surface, and the degree of enrichment of copper on the surface to the bulk is considerably high. These results contrast to chromium surface segregation in the Fe-Cr system. Other metallic elements, such as nickel and molybdenum, have been investigated in multicomponents systems based on the Fe-Cr alloy system /42,44/. Table 1 includes the results, which indicates that nickel is likely to be depleted in a surface layer on iron base alloys, whereas molybdenum is slightly segregated to the iron surface by heating under ultra high vacuum Thus, AR-XPS enables us to provide different characteristic features of surface segregated layers between metallic elements.
Segregation of non-metallic elements
AR-XPS has been also used for analyzing the effect of non-metallic elements such as nitrogen, phosphorus and sulfur on thin segregated layers formed on the surface of the these high-purity austenitic 18%Cr -16%Ni steels /44/ and commercial purity austenitic 17%Cr -12%Ni steels /42/. Since most of the alloying and impurity elements are dissolved in these steels, equilibrium surface segregation of the elements may be measured without influence of formation of a second phase. Figure 6 shows the variation of take-off angle as a function of the concentration for iron, chromium, nickel, nitrogen, phosphorus and sulfur in Fe -18%Cr -16%Ni with (a) 0.06mass%N, (b) 0.08mass%P and (c) 0.007%S, which were heated at 973 K, respectively /44/. The decrease in concentration of nitrogen, phosphorus, sulfur and chromium with increasing take-off angle indicates that these non-metallic elements as well as chromium concentrate on a surface layer. It may be stressed that the take-off angle dependence of the concentration of phosphorus and sulfur is larger than those for chromium and nitrogen. This suggests that phosphorus and sulfur are segregated to a top surface layer, relative to chromium and nitrogen. The fit of calculated curves to the experimental results provides the effective thickness and the concentration of the segregated layer, as summarized in Fig.7 and Table 1 . The effective thickness of the segregated layer of chromium is comparable to that for the high-purity iron-chromium steels /41/, and nitrogen seems to be correlated to the chromium segregation. Phosphorus and sulfur are clearly segregated to the top surface. It is interesting to note in Fig.7 that the degree of chromium segregation is strongly affected by surface segregation of phosphorus and sulfur. This may be attributed to the replacement of chromium with phosphorus or sulfur in the surface layer, that is referred to as site competition on the specimen surface. It is also suggested in Fig.7 that a segregated layer of phosphorus or sulfur is thinner than that of chromium, and they are considered more surface-active than chromium. Thus, the decrease in chromium concentration detected in Figs.6 (b) and (c),
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as compared to the result of Fig.6(a) , may take place through these surface-active behaviors of sulfur and phosphorus. These results may include the effect of different surface orientation in polycrystalline specimens on the surface segregated layers. However, it may be safely said that the present semi-quantitative estimation of the effective thickness and concentration is fairly acceptable, for expressing characteristic features of the surface behaviors of these elements.
NATIVE OXIDE LAYER
Native oxide layers are easily formed on the metallic surface only by exposing to air. The native oxide layers are very thin, and its growth process and the effect of the surface composition on the native oxide have also been investigated by AR-XPS. Typical results are given below. Figure 8 shows take-off angle dependence of the measured concentration of iron, copper, oxygen and carbon estimated from measured AR-XPS intensity data for an ultra high-purity iron and copper specimens exposed to air for 1.8χ10 3 s, respectively /45/. The experimental values denoted by marks are plotted together with the calculated concentrations (lines) from the model of layered structure, for carbon, oxygen, iron and copper, as shown in Fig.8 . In both cases, the monotonic decrease in the concentration of carbon with increasing take-off angle, which is similar to the behavior in surface segregation, suggests that a contaminated layer of hydrocarbon covers the specimens. It is cited in Fig.8 that take-off angle dependence of the oxygen concentration indicates an oxide layer between the overlayer and the matrix. The increase in the measured concentration of iron and copper with increasing take-off angle may result from the reduction of signals of iron by formation of these layers. While the measured copper concentration is dominant in the copper specimen exposed to air for 1.8xl0 3 s irrespective of take-off angle, the measured iron concentration is already considerably low in the iron specimen exposed to air. Furthermore, characteristic difference of the concentration by air exposure Take-off angle, θ ( deg ) The effect of chromium surface segregation on reduction in thickness of the native oxide layers is also observed in the XPS spectra. Figures 12 and 13 show AR-XPS spectra of Fe 2p for Fe-17%Cr-12% Ni-2%Mo-0.08%N alloy exposed to air after ion sputtering and the identical alloy exposed to air after surface segregation, respectively. They were obtained in the take-off angle from 15 deg to 75 deg by a step of 15 deg. For comparison, Figure 12 (f) indicates the XPS spectrum of Fe 2p from the virgin surface as cleaned by ion sputtering, which correspond to the metallic surface. Binding energy ( eV ) examine the relationship between the surface segregation· and the oxidation, peak height ratios metallic peak to oxide peak in Fe 2p^ of oxide peak to metallic peak are plotted as a function of the maximum concentration of chromium in the surface layer before air exposure in Fe-Cr alloys as shown in Fig. 14 . A positive correlation is found in this plot, with a few exceptions showing very strong effect of surface segregation for specimens with higher nitrogen and molybdenum. Thus, it is suggested that the surface properties of iron-chromium alloys can be controlled by changing the surface concentration near the surface region, and for such purpose, it would be encouraging to modify the process conditions for the sample surface such as atmosphere and annealing temperature.
Native oxide in ultra high-purity iron
Fig. 14: Plot between the peak height ratio of metallic peak to oxide peak in Fe of Fe-Cr specimens exposed to air and the maximum chromium concentration in surface layers before air exposure.
SUMMARY
AR-XPS has been systematically used for investigating surface segregation of alloying and impurity elements in high-purity base iron alloys. It was also applied to characterize oxide layers formed on the surface of those alloys at room temperature. The main results are summarized as follows: (1) Metallic elements such as chromium and copper were clearly segregated to the iron surface by in-situ heating at about 1000 Κ under ultra high vacuum (lO^Pa). The effective thickness of segregated layers is estimated to be less than 1 nm, although it depends upon segregated element The degree of enrichment of copper in the segregated
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layer to the bulk concentration is higher than that for chromium. Nickel is likely to be depleted in the surface layer, whereas molybdenum is slightly segregated. (2) Non-metallic elements such as nitrogen, phosphorus and sulfur are easily segregated to the iron surface. While nitrogen is mutually segregated with chromium in the surface layer, phosphorus and sulfur appear to replace chromium segregation (3) The surface segregation of chromium reduces the thickens of the native oxide layer formed on iron-chromium alloys, although the segregated layer is thinner than the oxide layer. The results on the layered structure obtained from the take-off angle dependence of the concentration are consistent with information on the chemical state ofFe2p.
